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The role of inelastic scattering in resonant tunnelling
heterostructures
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Cantoblanco, 28049 Madrid, Spain

Received 3 January 1991, in final form 31 May 1991

Abstract. The non-equilibrium Keldysh formalism is used to analyse the role of the electron—
phononinteraction in the transport properties of double-barrier heterostructures and micro-
channels in semiconductors. Elastic and inelastic contributions to the total current intensity
are introduced and analysed as a function of the electron-phonon coupling; the elastic and
inelasticintensities are related 1o the electronic spectrum and to the multiphonon excitations.
The results obtained for the different mesoscopic systems considered compare well with the
experimental evidence. The Keldysh formalism is shown to be very suitable to analyse many-
body effects in mesoscopic systems.

1. Introduction

Transport in small semiconductor structures has been the subject of many studies in the
last decade. These heterostructures are extremely attractive because of their very many
technological applications. From an academic viewpoint the experimental study of their
transport properties permits direct confrontation with theoretical results obtained using
different formalisms and approximations for a great variety of conditions related with
temperature, external magnetic and electric fields, dimension, disorder and many-body
interactions (Biittiker 1988, Landauer 1989).

We are interested in addressing the effect that inelastic scattering and in particular
the electron—phonon interaction has on the transport properties of these systems.

In the last few years, experimental measurements have shown clear evidence of the
effect that the electron—phonon interaction has on the electrical current of mesoscopic
systems. Thisisthe case of the observed oscillatory behaviour of the electric conductance
in semiconducting point contacts (Hickmott es af 1984, Lu et af 1985) and the appearance
of satellites of the central resonant peak in a double-barrier resonant tunnelling exper-
iment (Goldman et al 1987a, b). Non-thermal occupation due to a hot-carrier quantum
distribution in semiconductor devices is another property which is mainly controlled by
the electron-phonon interaction due to the mechanism through which electrons achieve
thermodynamical equilibsium.
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Figure 1, Heterostructures discussed in the paper:
%? 2ot éN {a) potential well with a double-basrier het-
(b) erostructure; {b) microchannel.

While inelastic scattering has been analysed before in mesoscopic systems, the
approach has been mainly phenomenological (Biittiker 1986, Goldman et al 1987b,
Yuming 1988). Recently, studies have appeared in the literature based on a simplified
microscopic model which simulates a double-barrier heterostructure by a single-site
energy level coupled toideal leads and to phonons (Cai etaf 1989, Jonson 1989, Wingreen
et al 1989). Within the context of this model, resonant tunnelling in the presence of
phonons has been studied either as a scattering problem through the calculation of the
transmission matrix which implies knowledge of a two-particle Green function at the
resonant site, or as a first-order tunnelling strength approximation using the tunnelling
Hamiltonian formalism. Although these studies represent a significant contribution, it
is difficult to generalize them in order to study real systems which need for their
description many electronic and phononstates. This is particularly important when there
is no spatially localized resonant level 10 be considered as is the case for multi-phonon
processes in semiconductor mesoscopic channels. For these systems the scattering elec-
tron-phonon mean free path L., is small in comparison with the microchannel length
L o <€ L (Kulik and Shekhter 1983). Here the electrical current can be thought of as
being a diffusive drift of electrons which at certain sites is interrupted by the emission of
an optical phonon. A theory capable of describing this situation requires a large number
of states, at least one at each atomic site with position-dependent parameters. It is
evident that such a description needs either a full self-consistent calculation of the
electronic charge (Pernas er al 1990), or at least a plausible potential profile which
depends upon the external bias.

The microscopic description of a systemn with many electronic and phonon states
which incorporates the influence of inelastic scattering effects is crucial in order to
understand the rich phenomenology associated with transport in mesoscopic systems,
In particular, we mention the very interesting intermediate region between ballistic and
macroscopic transport.

In this paper we present a microscopic approach to studying the effects of electron—
phonon interaction on the transport properties of microsystems, based on a thermo-
dynamical non-equilibrium formalism derived by Keldysh (1965). We shall follow the
ideas proposed some time ago by Caroli et af (1971, 1972) in their study of tunnelling
phenomena through insulating barriers. This formalism has several advantages. It
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requires the calculation of only one-particle Green function, even for many-body
systems; it gives exact results for the non-equilibrium independent-particle situation,
and the many-particle effects can be calculated in principle to all orders in perturbation
theory. Moreover, it provides all the tools to abtain in a self-consistent way the potential
profile produced by the external bias. At this point, it should be commented that
recent work by Datta (1990) and D’Amato and Pastawski (1989) has shown that the
phenomenological approach followed by Biittiker to introduce dissipation via fictitious
voltage probes can be related to the Keldysh formalism followed in this paper. Moreover,
Chen and Ting (1990} used the Keldysh method to analyse other one-electron transport
superlattice properties, and it is worth exploring this technique for systems with many-
body interactions like the case considered here.

The paper is organized in the following way. In section 2 the microscopic model is
presented. Sections 3 and 4 are dedicated to developing the formalism to be applied to
study the transport of carriers under the effect of the electron—phonon interaction. We
study the results obtained for the transport properties of double-barrier heterostructures
and microchannels in semiconductors in sections 5 and 6. Finally section 7 is devoted to
the summary and the conclusions.

2. The micresecopic model

The heterostructures under study, as shown in figure 1, are described by the electron,
phonon and electron-phonon Hamiltonians. The electronic part of the system is repre-
sented by the Hamiltonian

H{.‘ = E EN; + Eri,i(cfc-scja + CC) (la)
i i

where g is the site-dependent diagonal energy which models the microscopic charac-
teristics of the heterostructure and the potential profile created by the stationary elec-
tronic charge that is accommodated according to the applied bias and the details of the
structure. Although it is possible to obtain a self-consistent solution to this problem, for
simplicity we shall assume that the applied bias produces a linear shift of the diagonal
elements of the Hamiltonian along the sample.

in the direction perpendicular to the current flow, the system is assumed to possess
translational symmetry such that & is a good quantum number. This will be the case of
the double-barrier heterostructure. In the study of the point contact we shall suppose
that the system is simply one dimensional. The off-diagonal matrix elements are taken
between nearest neighbours. They are site dependent so asto be able totake into account
the effective masses of the different semiconductors which form the heterostructure.

It is well known that a quantum well or more generally a thin film has a great variety
of optical phonon modes (slab phonons) corresponding to bulk or interfaces excitations
which have been observed experimentally (Shah 1986). Aithough the symmetry of these
modes must be considered in order to explain the reduction in hot-electron relaxation
in these devices in comparison with bulk materials, we shail neglect the influence of
interfaces in the phonon spectra which will be taken to be 3D and completely flat. The
main influence of this confinement is to reduce the strength of the interactions with
electrons (Jain and Das Sarma 1989, Ridley 1989) which can be taken into account
by renormalizing the electron—-phonon interaction in relation to its bulk value. As a
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consequence and for simplicity we assume that the Hamiltonian corresponding to the
phonon degree of freedom is given by a sum of independent harmonic oscillators of
frequency wg:

Hy, = hog 2 b7 b, (16)

Finally the electron—phonon interaction is given by

Hep = 2 Viche,q(bF +b,) (lc)

where in principle the interaction is extended to all the sample,

We have assumed that the optical phonons have a compleiely flat dispersion relation
and that the electron—phonon interaction is local. This is justified because the velocity
of propagation of a phonon is much less than the Fermi velocity; the phonon does not
propagate much during the lifetime of the electronic fluctuation.

The theory that we develop is not restricted to any approximation concerning the
contacts. We assume that the leads and its interaction with the heterostructure are
represented by a one-electron Hamiltonian H,. In practice the leads are modelled by
two Bethe lattices with a coordination number Z > 2 which in practice operate as
thermodynamical reservoirs of electrons with energies £ < Epg and € < Ef_ for the right
and left contacts respectively. For large values of Z this coincides with the bandwidth
limit approximation which supposes that the bandwidth in the contacts is much larger
than the characteristicenergies of the system: the resonance width, the phonon energies,
the applied voltage, etc.

3. The non-equilibrium formalism

The current circulating along a sample when an external bias is applied is in general a
non-linear response phenomenon occurring in a system which is in non-equilibrium.

In view of the irreversible character of the tunnelling current, the usual perturbation
theory does not apply and it is necessary to use a more general formalism capable
of treating non-equilibrium processes. We adopt the Keldysh (1965) diagrammatic
perturbation whichrequiresthe definition of astate of zero current flow which is obtained
by partitioning the system at an arbitrary point such that each partition (left and right)
has a Fermi level defined by £p and £ g where the difference £ — Epp corresponds
tothe externalapplied voltage. Thisstate is thenused to build up aninfinite diagrammatic
expansion, taking as a perturbation the Hamiltonian which connects the two parts of the
system. The diagrammatic expansion generated by this perturbation theory can be
summed up without further difficulties and an exact result obtained as far as a single-
particle sysiem is concerned (Wingreen ef af 1989). The effect of the interaction between
particles can be incorporated into the theory using well known approximations provided
by many-body theory.

In order to obtain the properties of the system, it is necessary to calculate non-
equilibrium propagators which, following Keldysh formalism, are

—iG* (= 1) = {ci (e, ) (2a)
IGH= (= 1') = {c;(t")et (1) (2b)
The Fourier transform diagonal elements G;*(w) and G}~ (w) are the spectral
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representations of the state of occupation of site i for electrons and holes, respectively.
The retarded and advanced Green functions, G§(f — t') and G} (¢ — ¢') respectively,
give information on the distribution of available states of the system without any ref-
erence to their occupation.

In a similar way the propagators corresponding to phonons Dp*{t—¢),
D}t = 1"y, D}t ~ ') and D (2 — t') are defined,

The propagators G ~ (w) and G§ (w) satisfy Dyson-type equations which are given
by the formal equations (Keldysh 1965)

G™* =(1+ GRER)g™*(1 + ZAG*) + GRE*G*
GR = gR + gRERGR.

For convenience, these equations are written in the following way:

G3H{w) = {[1 + GR(@)ZFw)lg™ (@[ + ZA@)GA (@)}, (3a)
GI(0) = [GR(@)Z (0)GA (@) (36)
G;* (@) = GIw) + G (w) (3¢)
GR(w) = gh(w) + =R (0)G* ()], (3d)

with similar equations for G;~ (w) and G (w). Note that G™* has been split into its
elastic and inelastic parts (Caroli er a/ 1971, 1972) (see also below). The unperturbed
propagators g,(w) correspond to the system in thermodynamic equilibrium with a
partition in it and without many-body interactions; g~ *(w) and g* ~(w) are simply given

by
5" @ -im(g@{ @ ) (3¢)

where f(w) is the Fermi distribution function. As will be discussed below, all the
information on the inelastic processes ~re contained in the self-energy Z-*(w). As a
consequence t1_1§ non-equilibrium propagator G;* (@) can be expressed as the sum of

gjl (@) and G (w), the elastic and inelastic occupation spectra as given in equations

The retarded and advanced self-energies Z*(w} and Z*(w) have two contributions:

(i) a local time one-particle self-energy which restores the eliminated connection
between sites 1 and 2 (we are assuming that sites | and 2 are neither connected nor
directly affected by many-body effects);

(ii) a many-body self-energy coming from the electron—-phonon interaction.

Infact we are assuming that inelastic processes are restricted to a part of the system that
can be isolated, i.e. to the well region for the case of a double-barrier heterostructure,
or to the microchannels in semiconducting point contacts. Since the simultaneous treat-
ment of the many-body interaction and the non-equilibrium situation is a difficult
problem, it is tempting first to solve the many-body problem for the systemisolated from
the leads and then to tackle the non-equilibrium configuration of the system by linking
it to the leads. Unfortunately, the electron—phonon interaction has not been included
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in the zero-order propagator because creation and destruction operators of many-body
states do not satisfy the Wick theorem, making the independent-particle diagrammatic
expansion which re-established the connection in the system much more involved.

Tocalculate the self-energies Z*(w) and £*(w), standard many-body diagrammatic
methods are used to sum infinite series obtained by perturbation theory. The Green
function satisfies a Dyson equation with a vertex part, which according to Migdal (1958)
is proportional to 1 + O{m/M) where m and M are the masses of the electron and the
nucleus, respectively. Within the context of this theory, neglecting terms of the order of
m/M in the self-energy ZF (w) describes the creation of a virtual phonon together with
an electronic iso-energetic fluctuation. As the velocity of propagation of phonons is
much less than the Fermi velocity, 2} (w) is short ranged and can be approximated by a
local object.

If we restrict ourselves to spatial locality, Z™7 (w) can be written as follows:

=7 (@)= o [ 4o D7 (@ - 0G5+ ). @)

It is important to emphasize that the Green function G, * {w} appearing in equation
{4) corresponds to the propagator dressed by the electron-phonon interaction. The
calculation of these quantities requires a self-consistent solution for G, Z and D.

Great simplification is obtained if the dressed propagators in equation (4) are sub-
stituted by the undressed propagators, which reduces the expansion to second order in
the electron-phonon interaction. This is normally a good approximation for semi-
conductors as is the case for resonant tunnelling in a double-barrier heterostructure,
typically GaAs/Al,Ga, _,As, for which the electron-phonon scattering mean free path
is normally greater than the length of the sample along the electrical current direction.
Then the satellite of the resonant tunnelling peak seen experimentally is a typical one-
phonon process.

The optical phonon emission in ballistic transport detected in microchannels of
InGaAs is, however, a very well characterized multi-phonon process. Its study requires
one accordingly to consider higher-order corrections. This is done by taking the dressed
electron propagator G}~ () in equation (4).

For the case of an optical phonon of frequency wy, Z;7+ (@) is expressed by

Ert(w) = (Vi/B2)(1 + n)Gi* (w + o1g) + n,G* (w — wq)] (5)
where #, is the number of phonons present in the system at site i. In principle, 1, has to
be obtained by integrating the phonon occupation spectral representation at site i, For
simplicity we have taken the undressed phonon propagator to obtain equation (5) which
gives

Dy (w) = (=1/)[n:8(w + wo) + (1 + n,)d(w — wy)). (6)

It is interesting to note that G™*(w) * 0 (G* ~(w) # 0) when @ < Ey (w > Eg) at
T =0, while 2" (w) # 0 (3*"(w) #0) when w < Er, — hwy(w > Epg + fwy). This
implies using the relation

2Im[ZF ()] = 27 (@) ~ 277 (@) Q)
that, in the interval Epg < @ < Ep, Im[Z}(w)] # 0 when Ep ~ Egg > Awq, which
establishes the condition for a real inelastic optical phonon process to occur. For an

applied bias less than this Jimit, inelastic scattering is controlled by acoustic phonons
which in general interacts more weakly with the electronic degrees of freedom. As a
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consequence it is possible to say that the applied bias together with the temperature are
the relevant variables to regulate the electron—phonon effect on transport.
The self-energy 2R (@) can be obtained using equations (5) and (7). It yields

Im[Ef (w)] = - (V/8m){[Gi (0 — wq) ~ Gi* (@ + w,)]/2
+ 2n; Im[GR (0 — wy) + G} (0 + wy)]} (8a)
and Hilbert transforming this equation gives

V2 = GH(E)dE
Re(ER(@)] = ~ - (00 | ey = = (L4 n) RelGH(@ - )]

+ n; Re[GR(w + wo)]) : (8b)

where we have used the relation
2Im[G }(w)] = G;* (w) — Gi~ (w). (9)

Knowledge of the self-energies permits one to obtain the Green functions of the
system and all its physical properties that we are interested in.

4. The electrical current density

In figure 1 we have represented the two heterostructures that we have studied. The total
current density crossing the sample is obtained as the thermodynamical non-equilibrium
mean value of the current density operator. This mean value can be obtained by
calculating the probability that an electron hops from site i to site 4+ 1, minus the
probability of the reverse process. As there are no sources or sinks of electrons in the
system, the result is independent of the particular choice of site £. For the Keldysh
formalism this is true if the perturbation expansion from the state for which the system
is partitioned is done to all orders of perturbation theory. As the choice is a matter of
convenience, it will be made at the contact between the left lead and the heterostructure,
involving the sites 1 and 2 shown in figure 1. The mean value of the current density is
then given by

J = (ie/h)t1z ({cfpc20) — (e35C100) (10)

where sites 1 and 2 are linked by the one-particle hopping 1;.

In order to calculate the non-equilibrium mean values appearing in equation (10) we
apply the formalism presented in the last section. After some algebra, using equations
(3) and (10) the total current density can be obtained as the sum of two contributions:

et .
Jo = __1_22% gnt (w)ghn(w)|Gho 1 (w)? dw (lla}

Voo = B 5 v [ |G @) 16Y- ()P (0)
i

Xgm(w’)Df"(w - @')dwdw’ (116)
Jr=Jg + Jinel (11c)
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where N is the number of layers which compose the sample. Asis evident from equation
(3d) for the undressed Green functions g5 * (w) and g}~ (), integration of equation
(10) is restricted to the interval E¢ — Epp which guarantees that the current density is
zero when there is no external applied bias. J, describes processes in which the electron
participating in the conduction excites a virtual phonon without changingits total energy.
The inelastic contribution given by equation (11&) refers to a situation in which a real
phonon is emitted or absorbed and an electron tunnelling through the structure loses or
increases its energy. The convolution between the electron and phonon propagators in
equation (114), indicates this situation. For the case of an optical phonon, using equation
(5), equation (10b) can be rewritten as

)
eiati- 1N

S 2 VGO (@I + m)| |G-y (@ = wo)f?

!

X ghn(@ = o) + 1y |GRio (@ + )P gAx (@ + wo)] dw. (12)

jmel =

When the system is at T =0, so that n;=0, equation (11} gives a contribution if
Eer + fiwy < Ex. indicating that for an inelastic process to take place the scattered
clectron needs an empty state to go to.

The total current density given by equation (3¢) has been calculated at the edge of
the heterostructure between the sites 1 and 2 in figure 1. Its value, as already mentioned,
is site independent, The elastic and inelastic current densities are, however, site depen-
dent in the region where the electron—phonon interaction operates, while they are site
independent outside it. Note that, in order to calculate the effect that the inelastic
processes have on the total current density, the elastic and inelastic contributions have
to be calculated outside the heterostructure, in the region where the carriers (electrons
or holes) have already passed through the sample.

5. Transport in a donble-barrier heterostructure

Since the dominant clectron—phonon interaction in polar semiconductorsinvolves longi-
tudinal optical phonons, we neglect the effect of acoustic phonons in the study of the
tunnelling properties of the structure. Certainly for £, — Epg > fiwy this is completely
justified, The electron—phonon interaction is supposed to be active in the well region.
As is well known, double-barrier heterostructures possess slab phonons: bulk-like-
confined and interface phonon modes (Ridley, 1989; Jain and Das Sarma, 1989). Since
the electronic wavefunction is small and the phonon is exponentially localized at the
interface, the electron-interface phonon interaction is weak and can be neglected. As
far as bulk-like phonons are concerned, the main effect originating from confinement is
to introduce selection rules imposed by symmetry which leads to a reduction in the
effective electron—phonon interaction. This effect can be incorporated in our model by
simply renormalizing the strength of the interaction.

As the first example, we study a symmetric 10 heterostructure. Not only has the
analysis of 1D systems academic interest. Recently (Ridley 1989), peaks observed in the
resonant tunnelling of GaAs(Al Ga,_,As/GaAs heterostructures have been attributed
to confinement in a perpendicular direction to the current density, which corresponds
for each peak to a quasi-one-dimensional system. Typical values of the electron-optical
phonon interaction strength are 0.1 < g < 0.5 where g is defined by g = (V,/hw,)*.
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Figure 2. Local density of states ( } at the Figure 3, As figure 2 for T= 300 K.

middle of the weil discussed in the text for T=0,
Ep. =20meV and AV = 300 meV. — — —, oceu-
pation spectra.

The heterostructure is assumed to be constituted of barriers of nine atoms and a well
of ten atoms with barrier heights between 40 and 400 meV, which in fact correspond to
structures of GaAs/Al,Ga,_,As/GaAs with different values of x. The effective mass m*
which determines the value of r=5.2eV is taken to be m* = 0.067 and the optical
phonon frequency fwy = 36 meV. The Fermi energies are obtained for two different
situations: Ep = 20meV and 70 meV and Erg = Eg. — AV, where AV is the external
applied bias.

In figure 2 we show the local density of states and the occuption spectra at T= 0 at
the middle of the well for g = 0.5, Er, = 20 meV and an applied bias AV = 300 meV,
which corresponds to the value for which the system is at resonance.

The appearance of two polaron peaks to the right and one to the left of the main
peak is clear. These quasi-particle excitations correspond to the dressed electron and
hole densities of the main peak due to the cloud of emitted phonons, since at zero
temperature the carriers can only emit phonons. The electron-like peak (the one on the
left) is much smaller than the first on the right because the occupation electron density
of the main peak is small compared with the occapation hole density. This is seen in the
occupation spectra presented in the same figure 2. According to equations (3a) and (3b),
this occupation spectra can be split into elastic and inelastic contributions. The elastic
contribution extends from 0 to Eg;, while the inelastic contribution appears below E =
0; this case corresponds to the electrons that have relaxed their energy by the emission
of a phonon, so that they are filling the electron-like peak which appears below the main
peak. The n-phonon processes for n > 1 are almost negligible for the electron-phonon
interaction strength used to calculate figure 2.

In figure 3 we show the same case as in figure 2 but for 7= 300K. Two thermal
effects are worthwhile mentioning. The two polaron peaks around the main peak are
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now mare similar to each other because of the existence of thermal excited phonons in
the sample; the temperature increase makes the spectra more symmetric around the
main peak since the emission and absorption parts are proportional to 1 + #; and #;,
respectively (n, being the number of phonons in the i site). On the other hand, owing to
thermal excitations both the elastic and the inelastic occupation spectra have con-
tributions above Eg . Now, in the case T s 0 we find that inelastic contributions associ-
ated with electrons have increased their energy by the absorption of a phonon, so that
they are partiaily filling the peak appearing Aw, above the main peak.

It is worth mentioning at this point that similar polaron peaks due to optical phonons
have been found recently by Cai er a/ (1989) who have calculated the transmission
coefficient of an electron through a double barrier in the presence of electron-optical
phonon scattering. The Keldysh method allows us to calculate the total current density,
the occupied electron density of states and also other related properties discussed below.

The peaks in the density of states represent excited polaron states of the system with
a lifetime given by Im[Z R (w)]. The self-energy as a function of  is given in figure 4 for
the same sample described before. From the figure we obtain that the lifetime of the
polaron at resonance is of the order of 10~* s, while the electronic tunnelling times that
can be obtained from figure 2 are of the order of 2 X 107" 5. This is the reason why only
asmall fraction of the electronic occupation spectra appears below the incident enetgy.
The electrons go through the well too rapidly for it to be possible for them to relax
through the emission of an optical phonon. This situation is clearly seen in figure 5 where
we show the J-V characteristics at T = 0. The elastic and inelastic contributions to
the total current density are shown explicitly. The tunnelling is essentially an elastic
phenomenon in this case. However, this depends upon the applied voltage and in
particular, for an applied voltage corresponding to the emission of a phonon, inelastic
processes are more important than elastic processes. Tunnelling is here partially elastic
and partially sequential. The electron enters into the well elastically, it reduces its
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energy by the emission of a phonon and then it continues its trajectory outside the
heterostructure. This aspect of the problem will be discussed in more detail below. The
phonon-side band peak of the elastic current density coming from polaronic excitations
is very small. The phonon absorption peak is non-existent because at T = ( there are no
phonons in the system. The phonon-emission-assisted tunnelling represented by the
inelastic contribution to the current density has an applied bias threshold of
Er_ — Epr > hwyas is apparent in figure 5.

In figure 6 we present the J-V characteristics of the same system for 7' = 300 K. The
main difference from the results already analysed is the large broadening of the resonant
peak. The reasons for this behaviour are essentially two: the first is the promotion of
electrons to higher energies as they absorb phonons in the thermal bath, and the second
is the existence of available thermally excited electrons which energetically match the
resonance condition for amuchlower applied voltage. The disappearance of the resonant
peak is produced by an applied voltage such that the energy level of the localized state
atthe well goes beyond the bottom of the conduction band of the emitter. This condition
isindependent of temperature as can be observed by comparing figures 5 and 6. Inelastic
processes are favoured owing to the increase in the phonon population with increasing
temperature. The inelastic contribution to the current density rises in comparison with
the T = 0 case. The side-band peak loses definition and the current density increases
rapidly with increasing applied voltage in the out-of-resonance region owing to the
presence of more energetic electrons which are capable of participating in the transport
process.

Direct comparison of the total current density as a function of applied voltage for
the cases T= 0 and T = 300 K can be seen in figure 7.

In order to study the effect that the tunnelling well time has on the non-equilibrium
electronic population we have compared in figure 8 the occupation spectra at the middle
of the well for various heterostructures which differ only in the barrier height (the barrier



9098 E V Anda and F Flores

600} g )
= 400
x
[}
w
&
a
=3
2
L=
© 2,00
s
y i Figure 8. Occupation spectra at the middle of the
II [ well discussed in the text for two heterostructures
: . having different barrier heights: , the bar-
| . A B
J L / ! rier height is 600 meV; — - —; the barrier height is
0.00 B :
Y 500 o 502 100 meV.

height controls the time that the electron spends in the well before escaping). The applied
bias is such as to have the first polaron side-band peak in resonance for Ef = 70 meV.
Itisclear fromthe figure that, for the case of a barrier height £, = 100 meV, the electrons
go through the heterostructure essentially without suffering an inelastic collision. The
electronic population at the centre of the well is almost contained between the bottom
of the conduciion band and the Fermi energy Eg, of the emitter. On the contrary for the
sample with £, = 600 meV, as the electrons are reflected many times back and forth in
the barrier, the real path is in this case longer than the mean free path for inelastic
collisions and, as a consequence, almost all electrons have released their energy through
one or two scattering phonon processes to the region below the bottom of the conduction
band of the emitter.

For the sake of completeness we have calculated the J—V characteristics for a 3p
sample. The problem can be mapped onto a 1D situation by simply Fourier transforming
along the direction perpendicular to the current; thus, we recover a 10 Hamiltonian with
parameters depending upon &;. We suppose, as already mentioned, that the dispersion
relation for the optical phonon is completely flat and that the electron—-phonon inter-
action is independent of &j. For small values of Er; = 20 meV the shape of the J-V
curve is almost the same as in the 1D case; for greater values of £y the curve broadens
and adopts the well known trianguiar shape, and the sateilite peak is less distinguishable.

We have calculated the influence of including the electron—phonon coupling along
the barriers. For the case of AlGaAs there are two optical phonons involved in the
problem at 35 meV and 47 meV. The J1~V characteristic suffers only very small effects
and there is no evidence of a peak located at 47 meV although we have adopted the same
value for g = 0.5 as in the well region. This result is a consequence of the fact that the
density of states at the barriers is much less than at the well and there are not enough
elecirons to induce the emission of a phonon. It is fikely that the assignment of the
satellite peak . detected experimentally (Goldman er af 1987a, b) for GaAs/AlGaAs/
GaAs, to emitted phonons at the barriers, is not appropriate,

6. Multiphonon process in semiconductor micrechannels

The C-V characteristics of metal-semiconductor contacts and capacitors of GaAs/
AlLGa,_,Asshow periodicstructures (Hickmott eral 1984, Lueral 1985). This behaviour
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has been explained by multiphonon processes that take place when carriers under the
effect of an applied bias move along the channel. Kulik and Shekhter (1983) have treated
the problem of a narrow semiconductor channel of width d theoretically, where d is
much smaller than the channel length L and 4,, the mean free path due to acoustic
phonons. The theory is based on Boltzmann equation formalism and predicts a C-V
curve that has singularities when the applied voltage: AV = fiw,. These singularities
result from an n-phonon emission event. Although the experimental behaviour is not
singular, this theory provides a qualitative description of the multiphonon processes.

In order to show the applicability of the microscopic theory developed here to
describe this type of phenomena, we have studied the electrical current of a linear chain
in contact with two reservoirs of electrons having Fermi levels Er; and Egg represented
by two Bethe lattices of coordination 3. This idealized model approximately describes
the situation of the system in which we are interested, as is schematically shown in figure
1(). Although we have taken a very simple model, the inclusion of more sophisticated
and realistic conditions does not generate serious difficulties in the calculation.

In order to have multi-optical-phonon processes, the condition L » A4 has to be
satisfied, where A, is the mean free path due to optical phonons. In this case, electrons
can suffer an n-phonion process as they go along the sample, with the maximum vatue of
nsuch that n = AV/Ahw,, AV being the potential drop in the chain.

For L = A¢ the linear chain has an ohmic resistance; for an applied voltage, it is
appropriate to assume that the potential profile has a linear site dependence within the
chain. For simplicity we assume that the contact resistance is zero, although this is not
necessarily the case. The only significant effect of the contact resistance is that the
oscillations seen in the conductance have a period longer than wy (this in fact corresponds
to the experimental result) owing to the potential drop at the contacts. However, the
contacts have a more significant effect, related to the quantum oscillations of the
conductance as a function of the applied voltage because of the existence of standing
waves produced by reflections at the contacts. These oscillations might mask the rela-
tively smaller oscillations due to multi-phonon processes. Fortunately in real systems
this behaviour is not detected because the microchannels are not well defined and the
potential profile is smooth at the edges. This situation can be simulated for the simple
model that we are considering by supposing that the coordination number of the Bethe
lattice reservoirs varies smoothly along several atoms from the chain value Z = 2 up to
Z = 4, Twenty atoms are sufficient to eliminate the quantum interference oscillation of
a linear chain constituted by 200 atoms in a situation in which the system is free of
electron—phonon interactions. This guarantees that all possible oscillation effects are
due 1o electron—-phonon interaction.

In our calculation, we take Eg = 0.01¢, Epg = Ep. — AV and Aw, = 0.007¢ which
corresponds to the phonon energy for GaAs (¢t = 5.27 ¢V). We also take the electron-
phonon strength g = 4, which has been chosen such that L i, where

A = __ﬁkf_.._
7 m* Im (SR(w))

({(ZF(w)) being the mean value of Z¥(w) in the interval (Eg, Egp)); kr is the Fermi
momentum, and kg = (0.02tm*)"? and m* = 0.067 for GaAs.

In figure 9 we show the Jp—V and dJy/dV-V curves. Although the current density
oscillations are small, its derivative shows clear oscillations. When the applied voltage
increases so as to allow for a subsequent phonon process, the self-energy of equation (4)
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has an extra renormalization (this occurs because the propagator in equation (4) is a
completely dressed self-consistent object). This is reflected in a small oscillation in the
conductivity due to the appearance of an extra channel for the electrons through the
emission of a new phonon. Although it is not possible to make a direct comparison with
the experiments, the theoretical results obtained here are similar, and the general shape
of the curves equivalent, to the experimental measurements obtained for microchannels
of In,Ga, ., As (Lu et al 1985).

7. Summary and conclusions

We have addressed the effect that electron—phonon inelastic scattering has on the
properties of mesoscopic semiconducting structures. We have used a Green function
formalism based on the Keldysh diagrammatic expansion. This formalism has shown to
be particularly suitable for analysing a situation where the many-body system is under
the effect of a large applied voltage and as a consequence very far from equilibrium.

In the last few years, a very elegant transport theory has been developed which
considers the sample to be connected to inelastic scatterers which randomize the phase
of the electronic wavefunction {Biittiker 1986). Although this phenomenological theory
has contributed to clarification of many aspects of the inelastic scattering, we think that
there is still a lack of a microscopic theory capable of describing in detail the different
kinds of inelastic event that an electron suffers under the effect of an external bias. This
requires use of a many-body theory to study the current as well as other non-equilibrium
properties of the system, i.e. the occupation spectrum which it is essential to know if we
were interested, for instance, in the optical properties of the system. This paper is an
effort inthis direction. We have studied the effects of the electron—phononinteraction, in
particular for the case of a double-barrier heterostructure and a mesoscopic constriction.
Although we have adopted simple models, we have obtained results which compare well
with the experimental measurements. Full quantitative agreement of the theory with
the experiments (current intensity, peak-to-valley ratio, etc) would require a more
realistic microscopical model including, within the context of a self-consistent Hartree—
Fock approximation for the electron—electron interaction, the potential profile as a
function of position. It is well known that the interesting bistable behaviour (Goldman et
al 1987a, b) observed in double-barrier structures is due to a charge-generated potential
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which being non-linear gives rise to more than one solution for the J;—V characteristics.
We have assumed for the systems analysed here that the potential profile is linear as a
function of position along the current direction. Although this is perfectly justified for
the linear microchannel, in the double-barrier case, as the system is heterogeneous and
the charge is unequally distributed, this assumption is not always realistic.

The self-consistent treatment of the electron—electron interaction in order 1o study
the effect of a non-linear potential profile and the metal-insulator transition due to
electronic correlation will be the subject of a future publication.
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